Abstract. Ursolic acid (UA) is a pentacyclic triterpenoid compound which exists widely in nature and is known to have a pleitropic biological activity profile. For the last few decades, extensive work has been carried out to establish its biological activities and pharmacological actions. It is described as a promising chemopreventive agent with an antiproliferative effect on cancer cells that stems from its ability to induce apoptosis. We investigated and compared the role played by mitochondria during the apoptotic process induced by UA in human HaCaT-derived keratinotic cells and M4Beu human melanoma cells. In both cell lines, UA induced significant caspase-3 activation, the downstream central effector of apoptosis. Subsequent JC-1/TOTO-3 double staining clearly demonstrated that UA induces strong mitochondrial-transmembrane potential collapse in M4Beu cells, while mitochondria from HaCaT-treated cells remain largely unstimulated. This was confirmed by Western blot analysis, which revealed a Bax/Bcl-2-balance change in favor of Bax, the proapoptotic member, in UA-treated M4Beu cells. It can be concluded that UA induces apoptosis in M4Beu through the mitochondrial pathway, while other mechanisms are activated in the case of HaCaT cells.
Introduction
Among natural compounds, ursolic acid (UA), the most frequently studied natural triterpenic acid (1), seems to be a promising chemical entity for the protection of human skin. Indeed, in cosmetology UA is often used for photoaging protection (2) . It prevents and improves the appearance of wrinkles and age spots by restoring skin collagen structure and elasticity, stimulates collagen production in cultured fibroblasts and increases the production of ceramides in human epidermal keratinocytes and skin (3) . UA may also be an effective inhibitor of the UVA-modulated signal transduction pathway in human HaCaT cells, in which it significantly suppresses UVA-induced reactive oxygen species production and lipid peroxidation (4) . Moreover, it possesses anti-tumor properties including the inhibition of skin tumorigenesis (5) and tumor promotion (6) . UA also induces apoptosis in several cancer cell lines (7) (8) (9) (10) (11) (12) (13) .
Previously, we studied the effect of UA on human HaCaTderived keratinotic cells and M4Beu human melanoma cells with the intention of confirming its role as a promising candidate for skin cancer prevention. In those studies, we demonstrated for the first time that UA has a significant antiproliferative effect associated with the induction of the apoptotic process (14, 15) . In the literature, it is well established that the activation of the apoptotic transduction pathway is dependent on cell type and subcellular targets. The two main apoptotic pathways are the extrinsic and intrinsic pathways (16) . The extrinsic pathway is characterized by death ligand attachment on extracellular receptors (e.g. TNF/TNF-R) with a subsequent caspase-8 activation, which in turn cleaves and activates caspase-3 (17) . The intrinsic pathway is triggered by different mitochondrial stresses and is characterized by mitochondrial transmembrane potential (Δψm) collapse, closely regulated by Bcl-2 family members (18) . Bax-likeproapoptotic members promote leakage of apoptogenic factors from the mitochondria, whereas Bcl-2-like-antiapoptotic members negatively regulate it (19) .
With the aim of better understanding the proapoptotic effect of UA on immortalized HaCaT and melanoma M4Beu cells, we studied and compared the involvement of mitochondria in the apoptotic process induced by UA. Caspase-9 activity measurement suggested that the mitochondrial pathway was implicated in both cell lines. Cell line, cell culture and treatment. HaCaT cells, a humanderived keratinocyte line, and M4Beu cells, a human melanoma cell line, were cultured in Dulbecco's modified Eagle's medium, 25 mM HEPES, and in Eagle's minimum essential medium, 25 mM HEPES, respectively. Both were supplemented with 10% foetal calf serum, 1% non-essential amino-acids (x100), 1% vitamins (x100), 1% L-glutamine (200 mM) and 0.2% gentamycin (10 mg/ml). All products were purchased from Gibco BRL, France. Cultures were maintained in a humidified atmosphere with 5% CO 2 at 37˚C.
Detection of caspase catalytic activities. Caspase activities were analyzed using their specific substrates as previously described (15) . Briefly, after incubation with UA for 24 or 48 h, cells were harvested, lysed and fluorometric assays were measured using 360 nm excitation and 460 nm emission. Raw data (relative unit of fluorescence or RUF) corresponded to the concentrations of AMC released.
JC-1 and TOTO-3 staining for flow cytometric analysis.
Changes in mitochondrial membrane potential were estimated using fluorescent probes JC-1 and TOTO-3. JC-1 indicates mitochondrial polarization whereas TOTO-3, a membrane impermeant probe, enters cells with altered plasma membrane integrity, binds to nucleic acids and exhibits strong red fluorescence, enabling discrimination between intact and altered cells. After UA treatment or, in the case of the controls, medium alone, HaCaT and M4Beu cells were stained according to Zuliani et al (20) . Briefly, suspensions were adjusted to 10 6 cells/ml, stained for 35 min with 1 μg/ml JC-1 at 37˚C and then for 5 min with 1 μM TOTO-3 at 37˚C. Cells were analyzed by flow cytometry (FCM) immediately after staining. Flow cytometric analysis. Analysis was performed on a FACS Vantage (Becton-Dickinson, USA) equipped with a 633 nm helium/neon laser (TOTO-3-excitation) and a 488 nm argon laser (JC-1-excitation). JC-1 green fluorescence (Fl1) and JC-1 orange fluorescence (Fl2) were collected with a 530 (±15) nm and a 575 (±13) nm band pass filter, respectively. A minimum of 10 4 cells was analyzed (after debris and aggregates elimination) for each sample. Cytometric data were analyzed with Win MDI 2.8 software (developed by Dr J Trotter, Scripps Institute, La Jolla, CA). Gates were set using an Fl2 vs. Fl4 cytogram for control cells.
Protein extraction and Western blot analysis.
Western blot analysis was performed as previously described (15) . Briefly, anti-Bax and anti-Bcl-2 were used at a dilution of 1:200, while anti-ß-actin was used at 1:5000 and horseradish-peroxidaselinked secondary antibody at 1:1000. Antibody binding was detected with the ECLTM Western blotting detection reagent kit (Amersham Pharmacia Biotech, Saclay, France) followed by autoradiography (1D Image Analysis Software, Kodak).
Statistical analyses. Data are expressed as the mean ± SD of three or more separate experiments. Statistical analysis of the data included an overall analysis of variance followed by the posthoc PLSD Fisher's test, using statistical functions in the Statview program (SAS Institute, Cary, NC). A probability of p<0.05 was considered significant.
Results
Effect of UA on caspase activities. The results of caspase-3 activity, at 24 h showed that it was not modified in HaCaT cells compared to the control regardless of UA concentrations (Fig. 1A) . However, after 48 h of treatment, caspase-3 activity was significantly increased at 12.5 and 15 μM UA (2.9-and 4.7-fold vs. control) (Fig. 1C) . In M4Beu cells, caspase-3 activity was significantly increased at as little as 12.5 μM after 24 h of treatment (1.74-and 2.12-fold vs. control for 12.5 and 15 μM UA, respectively) (Fig. 1B) . Similarly, after 48 h of treatment caspase-3 activity was increased between 12.5 and 15 μM UA (1.27-and 1.98-fold vs. control, respectively) (Fig. 1D) .
In the case of caspase-9, no significant activity was detected in HaCaT cells after 24 h of treatment ( Fig. 2A) . Caspase-9 activity was significantly increased only at 48 h (1.26-and 1.71-fold vs. control at 12.5 and 15 μM UA, respectively) (Fig. 2C) . For M4Beu cells, caspase-9 activity increased slightly after 24 and 48 h at 15 μM UA (1.13-and 1.21-fold vs. control, respectively) ( Fig. 2B and D) .
JC-1/TOTO-3 double staining of Δψm by FCM.
Having demonstrated caspase-9 activation (e.g. intrinsic pathway triggering) in HaCaT and M4Beu cell lines, we further analyzed Δψm evolution. To follow and quantify Δψm changes, we performed JC-1/TOTO-3 double staining by FCM (Fig. 3) . First, fluorescent probe TOTO-3 separated cells which had maintained membrane integrity from those which had lost it. Second, in viable cells (i.e. TOTO-3 -) only, JC-1 allowed for the estimation of the percentage of cells with high and low mitochondrial potential. Sub-population positions on cytograms were determined according to a positive control (i.e. oxidative stress following H 2 O 2 exposure; Fig. 3B and G) . After UA treatment, we observed two cell populations which, due to JC-1 fluorescence shifts from orange to green, indicated a collapse of Δψm. In HaCaT-treated cells, only a slight drop in mitochondrial potential was seen at 10, 12.5 and 15 μM UA with, respectively, 5.43, 4.48 and 6.27% of the cells having low potential (Fig. 3C-E) . In M4Beu cells, UA strongly induced a drop in mitochondrial potential in a dose-dependent way: 17.69% of cells had low potential at 10 μM, and up to 62.18% had it at 15 μM ( Fig. 3H-J) .
Bax and Bcl-2 protein expression. Activation of the mitochondrial intrinsic pathway follows a drop in Δψm, which is closely regulated by Bcl-2 family members. Hence, we studied the effects of UA treatment on both Bax and Bcl-2 expression, which are the two major regulators of mitochondrial membrane permeabilization. On the one hand, UA-treated HaCaT cells did not show any variation in Bax and/or Bcl-2 expression, which was confirmed by the Bax/Bcl-2 ratio (Fig. 4A) . On the other hand, in M4Beu-treated cells Bax expression was significantly increased 1.19-, 1.41-and 1.63-fold vs. control at 10, 12.5 and 15 μM UA, respectively. Moreover, we concomitantly observed a decrease in Bcl-2 expression of 1.08-, 1.10-and 1.18-fold less vs. control. Finally, our results showed that, in M4Beu cells, UA induced a significant increase in the Bax/Bcl-2 ratio of 1.29-, 1.55-and 1.94-fold vs. control for 10, 12.5 and 15 μM UA, respectively (Fig. 4B) .
Discussion
For the past twenty years, various scientific reports have shown that UA has many beneficial pharmacological effects for human health. Among the most convincing, it has been reported that UA possesses anti-inflammatory, antibacterial, hepatoprotective, anti-tumor and anti-proliferative properties (21) . Because of its different biological properties and the fact that UA occurs naturally in a large variety of vegetarian food, this compound is a very interesting anticancer chemopreventive agent (22, 23) . Furthermore, dietary agents derived from natural sources are considered pharmacologically safe and can be used in combination with chemotherapeutic agents to enhance their effect at lower doses, thus minimizing chemotherapy-induced toxicity. In previous reports, we postulated that UA could be of interest in the prevention or treatment of skin cancers. In fact, we clearly demonstrated that UA induced apoptosis in HaCaT-derived keratinotic (14) and M4Beu melanoma (15) cell lines. Nevertheless, thorough studies must be carried out to explain the various mechanisms of UA actions with regard to its proapoptotic effects on these cancer cell lines and, particularly, on mitochondria.
Apoptotic cell death involves a cascade of proteolytic events accomplished mainly by a family of cysteine proteases (24) such as caspase-3, the major executioner of apoptosis (25) . We demonstrated that UA induces an increase in caspase-3 activity in a dose-dependent manner, associated with a significant but weaker caspase-9 activity, in both HaCaT and M4Beu cells. Indeed it is well established that the activity of initiator caspases is always less than that of executioner ones (25) . Caspase inhibitors (Ac-DEVD-CHO and Ac-LEHD-CHO) were used only to ensure the specificity of the catalytic activities studied whatever the experimental conditions. At the same time, we failed to demonstrate any caspase-8 activity (data not shown). As caspase-9 activation is closely linked to a drop in Δψm (26) , an upstream event that occurs before caspase activation (and more particularly before caspase-9 and caspase-3 activation), we further explored the relative implication of the mitochondrial-apoptotic pathway in UAtreated HaCaT and M4Beu cells.
It is well established that mitochondria play a key role in apoptosis. One critical step is mitochondrial permeability transition pore (PTP) opening, leading to mitochondrial membrane integrity disruption and inner transmembrane proton gradient dissipation (27) . PTP opening leads to the release of so-called apoptotic initiation factors that induce downstream apoptotic degradative events. In this manner, mitochondrial membrane permeabilization loss apparently constitutes one major checkpoint leading to cell death. Methods have been developed to estimate mitochondrial transmembrane potential modifications by FCM with cationic lipophilic dyes (28, 29) . Recently, JC-1 dye has been proposed to more accurately evaluate changes in mitochondrial activity (20, 30) . JC-1 is selectively incorporated into mitochondria in a monomeric form emitting at 527 nm after excitation at 488 nm with an argon laser. Moreover, depending on the high mitochondrial membrane potential, JC-1 is able to form aggregates emitting at 590 nm. In other words, intact cells with high mitochondrial polarization are indicated by orange fluorescence (JC-1 high ) due to JC-1 aggregate formation, while apoptotic cells with low mitochondrial polarization (JC-1 low ) are indicated by the green fluorescence of JC-1 monomers. Thus, a fluorescence shift from orange to green (i.e. Δψm collapse) is obtained during mitochondrial apoptotic processes. In addition, TOTO-3 labeling discriminates between two cell subpopulations: cells that maintain cytoplasmic membrane integrity (e.g. TOTO-3 -) and cells that have lost cytoplasmic membrane integrity (e.g. TOTO-3 + ). Our FCM analyses were calibrated with 1 mM H 2 O 2 according to Zuliani et al (20) . TOTO-3 staining was done in order to perform JC-1 staining on only those cells having intact cytoplasmic membranes (e.g. TOTO-3 -) (Fig. 3) . Moreover, JC-1/TOTO-3 double staining was recently described as providing a more reliable simultaneous assessment of the plasma membrane integrity and mitochondrial transmembrane potential occurring during apoptosis (20) . As mitochondrial internal membrane potential dissipation is well-defined as an early apoptotic event (31), we decided to study this process after 24 h of UA treatment. Consequently, HaCaT and M4Beu cells were double stained with JC-1/ TOTO-3. Surprisingly, in the case of treated HaCaT cells we observed few cells with low mitochondrial potential (6.27% with 15 μM) (Fig. 3C-E) . For M4Beu cells treated with up to 10 μM UA, we detected a larger JC-1 low subpopulation (17.69%). Hence, we clearly demonstrated that UA induced a dose-dependent collapse in M4Beu cells that resulted in approximately 62% of cells having a low mitochondrial membrane potential at 15 μM UA (Fig. 3H-J) .
In the literature, Δψm collapse has been reported to be under the control of two Bcl-2 family members, Bax and Bcl-2. Bax is responsible for PTP opening while Bcl-2 keeps the PTP closed (32) . We detected no variation in Bax or Bcl-2 protein expression in HaCaT cells (Fig. 4A) whereas, in M4Beu cells, we demonstrated that UA increased Bax protein expression in a dose-dependent manner while, at the same time, Bcl-2 protein expression decreased (Fig. 4B) . Hence, increasing the Bax/Bcl-2 ratio precipitated PTP opening and the induction of apoptosis through the intrinsic pathway.
These observations lead us to assume that UA-induced apoptotic cell death in M4Beu cells is closely associated with the triggering of the mitochondrial intrinsic pathway.
In the present study, we performed for the first time a comparison of the effects of UA on two different cell lines, M4Beu melanoma cells and HaCaT-derived keratinotic cells. We showed that UA performs a specific action depending on cell type. In effect, our observations lead us to assume that UA-induced apoptotic cell death in M4Beu cells is closely associated to the triggering of the mitochondrial intrinsic pathway while, in HaCaT cells, several lines of evidence suggest that mitochondria are less implicated in UA-induced apoptosis, prompting us to speculate that another apoptotic pathway could be involved.
